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Edge-passivation modulation of the transport properties in zigzag stanene nanoribbons
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We study the combined effect of the passivating atoms, edge electric fields, and exchange fields on the edge
states, conductance, and spin polarization in zigzag stanene nanoribbons (ZSNRs). The distortion direction and
amplitude of edge bands significantly depend on the electronegativity difference between the passivating atoms
and tin atoms. The conductance dips can reflect the curved characteristic of the edge bands induced by passivating
atoms, which can be used to detect the quantum spin-Hall edge states or passivating atoms. Interestingly, the
edge antisymmetric electric fields can recover the passivation-induced band structures and transport properties,
and an effective spin polarization can be realized by applying an exchange field on the edges of ZSNRs. The
results provide a comprehensive understanding of the modulating method by utilizing the passivating atoms and
the external fields, which will be of great help for the application of stanene devices.
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I. INTRODUCTION

Topological insulators possess some electronic properties
that can be employed in electronic devices such as topological
field-effect transistors [1] and antiferromagnetic spintronics
[2], which has triggered intensive interest in the fields of
condensed matter physics. Stanene has a relatively larger band
gap compared to other group IV counterparts like silicene
and germanene [3], which can induce the quantum spin-Hall
effect [4]. In 2015, ever since monolayers of stanene were suc-
cessfully grown by molecular beam epitaxy on Bi,Tes;(111)
substrate [5], it has attracted great attention from researchers.
The coexistence of topological edge states and superconduc-
tivity has been reported in stanene systems [6]. In addition,
it is reported that stanene could achieve the anomalous quan-
tum Hall effect [7] and dissipationless electron transport near
room temperature [8,9], which is of great significance for the
development of integrated electronics devices.

Since tin does not have a layered structure similar to
graphite, it is difficult to obtain stanene by using the me-
chanical stripping method. Instead, it can be prepared by
using the molecular beam epitaxy method [5]. However,
stanene nanoribbons need to be passivated before being used
in devices. As a requisite step in the material preparation
as well as device fabrication [10-12], passivation is an ef-
fective strategy for suppressing defect formation [13-16]. In
situ angle-resolved photoemission spectroscopy together with
first-principles calculations reveal an automatic passivation of
the p, orbital of the stanene [17]. Hydrogen passivation as
a surfactant plays an important role in boosting the growth
of stanene multilayers and improving the overall quality of
stanene films [6].

“Contact author: liyuan@hdu.edu.cn
TContact author: xug@hdu.edu.cn
Contact author: wmliu@iphy.ac.cn

2469-9950/2024/109(23)/235414(9)

235414-1

Meanwhile, passivation is also critical for materials with
surface-sensitive natures, such as silicene nanoribbons [18],
halide perovskites [19], superconducting transmon qubits
[20], and black phosphorous [21]. The effect of passivating
atoms on electronic properties and band engineering of two-
dimensional materials has attracted great attention in, e.g.,
graphene [22-25] and silicene systems [26-28].

Moreover, by calculating the formation energy and band
gap of passivated zigzag stanene nanoribbons (ZSNRs), both
hydrogen and fluorine passivation can increase the stability of
ZSNRs and change their band gap [29,30]. The edge states
and Dirac cones of ZSNRs can be significantly altered for
the passivation of different elements [31]. In addition, one
can effectively modulate the band structures and transport
properties by utilizing the electric field [32], strain [33], ex-
change fields [34], boundaries [35,36], and disorder [37].
High-quality stanene films present the coexistence of nontriv-
ial topology and intrinsic superconductivity. Passivation as a
surfactant plays an important role in improving the overall
quality of stanene films, and can significantly affect the edge
states. However, clear and solid evidence of the edge states
modulated by passivating atoms remains elusive. Thus, in this
paper, we study the transport properties of ZSNRs by con-
sidering the combined effect of the edge passivation, electric
fields, and exchange fields.

The paper is organized as follows: In Sec. II, we introduce
the nonequilibrium Green’s function method (NEGF) to study
the transport properties of ZSNRs. In Sec. III, we calculate the
band structure and conductance of ZSNRs under the effect of
edge passivation, electric fields and exchange fields. Finally, a
summary is given in Sec. IV.

II. THEORETICAL MODEL

We utilize the four-band tight-binding model to describe
the combined effect of the passivation, electric fields and ex-
change fields. The corresponding Hamiltonian can be written

©2024 American Physical Society
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TABLE 1. Hopping parameters of the stanene nanoribbon with
different passivating atoms. The unit is eV.

Passivation t t 2 AV
H 0.78 0.009 0.57 —2.321
Na 0.77 0.003 0.72 1.426
F 0.75 0.009 1.35 —6.899
as [31,38]
Hrg =1 Z C;aCj’a + ity Z vijczasgﬂcj,ﬁ
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where H.c. stands for Hermitian conjugate, ¢/ (c;z) and

dZa (de,g) are the creation (annihilation) operators of tin
atoms and passivating atoms, respectively, with spin index
o (B) at sites i, j, or £. (i, j/€)/{{i, j)) runs over all the
nearest- or next-nearest-neighbor hopping sites with the hop-
ping energy t(/t3 or f,. v;; = %1 represents the anticlockwise
(clockwise) hopping, and 57, 5 is z component of spin vector.
AV is the on-site potential defined as the difference between
the work functions of a tin atom and the passivating atom.
t3 denotes the interaction between tin and passivating atoms.
The fifth term describes the contribution of the vertical electric
field with Ug .1/ = eL.E,;;» and L, =0.84 A being the
distance of the two sublattice planes [9] with & = +1 for A
(B) sites, where z1 and z2 distinguish two edge electric fields.
The last term describes the contribution of the ferromagnetic
exchange field with M being the magnetization and s, = +1.
Four parameters, t; 2 3 and AV, were obtained by fitting the
tight-binding model to the results of density functional theory
(DFT) [31]. For the nonpassivated case, hopping parameters
are chosen as t; = 0.76, t, = 0.01, 3 = 0, and AV = 0. We
analyze the effect of three elements, hydrogen, sodium, and
fluorine, on the transport properties of stanene nanoribbons.
The hopping parameters of the passivated region are listed in
Table 1.
The conductance can be calculated by using the NEGF
method and the Landauer-Biittiker formula [39,40]
&2
G= zTr[FLG’FRG“], 2)

where I'r /g = i(X] p — Zf ) are the linewidth functions and

EZ‘; is the retarded/advanced self energy, which can be ob-
tained by iterating the semi-infinite lead. Then we can obtain
the retarded and advanced Green’s functions:

G =16 =[El+in—H.—3; -%;]", 3
where H, is the Hamiltonian of the central scattering region.
The density of states (DOS) of the system can be calculated
by using the equation

DOS = —%Im(Tr[G’]). @)

tC AV

FIG. 1. (a) Schematic of the zigzag stanene nanoribbon with
passivating atom (red). The blue and yellow sites represent the A
and B sublattices of stanene, respectively. The orange dashed box
refers to the unit cell. W, and W, represent the length and width of
the scattering region. W, refers to the length of the passivated region.
(b) 6 is the angle between Sn-Sn bonds and the z axis. (c) The side
view of the low-buckled stanene structure. (d) The hopping terms in
ZSNRs with passivation.

III. NUMERICAL RESULTS AND DISCUSSION

Figure 1 shows the schematic of ZSNRs, with W, and W,
denoting the length and width of the nanoribbon, respectively.
The length of the passivated part is W,. The length W, =
[(Ny — 1)/2] x +/3ay, the width W, = [(3Ny/4 — 1)] x ao,
and the length of the passivated part W, = [(2N, — 1)/2] x
\/gao, where ag = 0.283 nm is the distance of two nearest
tin atoms in the pristine region [9]. Ny and N, are the num-
bers of sites along the x and y directions of the nanoribbon,
and Np is the number of passivating sites in the edge of the
nanoribbon. One can realize the edge passivation in experi-
ments by adopting initiated chemical vapor deposition [11],
bilateral passivation strategy [12], atomic layer deposition
method [41], and so on.

A. Band bending and the passivation-modulated conductance

We first consider the effect of passivation on the band
structure of ZSNRs. In the absence of any passivation, as
shown in Fig. 2(a), the edge bands exhibit linear dispersion
relations, which is a quantum spin-Hall edge state. For the
system with passivation, dangling bonds are replaced by the
passivation bonds, and the edge bands become bent [31].
Moreover, the distortion direction and the amplitude of the
edge bands significantly depend on the electronegativity dif-
ference between the passivating atoms and tin atoms. The
electronegativity of atoms lead to the increase of the hopping
energy between atoms. Correspondingly, the energies of the
edge bands bending upwards are relatively high compared
to the case without passivation. The electronegativity of the
fluorine atoms is larger than that of the hydrogen atoms, and
the hopping energies between fluorine atoms and tin atoms
are relatively stronger. Thus the degree of distortion of the
edge bands of the fluorine-passivated nanoribbon is larger
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FIG. 2. Band structures of different passivated systems: (a) non-
passivated ZSNRs, (b) H-passivated ZSNRs, (c) Na-passivated
ZSNRs, (d) F-passivated ZSNRs with N, = 36. The probability den-
sity of the energy band marked by red arrows was calculated.

than that of the hydrogen-passivated nanoribbon, as shown in
Figs. 2(b) and 2(d). Since sodium is electropositive compared
to tin, the edge bands of the sodium-passivated nanoribbon
bend downwards as opposed to the upward bending in the
hydrogen-passivated and fluorine-passivated nanoribbons [see
Fig. 2(c)]. The physical mechanism of the band bending can
be understood by means of the wave function of the edge state.
Figure 3 plots the probability density |¥|? of edge states as a
function of the atom positions along the transverse direction
of the Na-passivated ZSNRs, where the first and 38th atoms
represent passivating atoms. Four wave vectors denoted by
red arrows in Fig. 2(c), k, = 1.0 /a, 1.17 /a, 1.27/a and
1.3 /a, are chosen to show the probability density. It can
be seen that the states at symmetric point k., = 1.0 /a are
localized only at the edges. With increase of k,, the distribu-
tion of states gradually extend to the whole nanoribbon. The
change in potential energy of the upper and lower edges is
relatively larger due to the effect of the passivating atoms.
For the state near k.., the major contribution of the wave
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FIG. 3. The probability density |W¥|*> for the wave functions of
the edge states labeled by the red arrows in Fig. 2(c), where the blue
and red lines are the states at the upper and lower boundaries of the
nanoribbon, respectively. (a) k, = 1.0 /a; (b) k, = 1.1 /a; (¢) k, =
1.2 /a; (d) k, = 1.37 /a.
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FIG. 4. Band structures of the passivated ZSNRs with N, = 36
for different on-site potentials: (a) nonpassivated ZSNRs, (b) AV =
2.321, (c) AV = —1.426, (d) AV = 6.899.

function comes from the atoms of the upper and lower edges.
For states far from k,., the contribution comes from the entire
nanoribbon. Thus, adding sodium atoms to the edges makes
the edge energy bands near k,. bend downwards obviously,
while the bands far from k,. have a small change and bend
slightly. As a result, the bending amplitude of the edge energy
band has a relative larger value.

In terms of the above analyses, it is found that the distortion
direction and amplitude of the edge bands depend on the
on-site potential, namely the electronegativity difference be-
tween the tin atoms and passivating atoms. In order to further
verify this conclusion, we obtain the band structures of the
passivated ZSNRs for different on-site potentials, as shown in
Fig. 4. When AV = 2.321, which is an opposite value of the
on-site potential of the hydrogen-passivated ZSNRs, the edge
bands bend downwards as opposed to the upward bending
in the hydrogen-passivated nanoribbon, while the distortion
amplitude is identical. Similarly, when AV = —1.426 and
AV = 6.899, we can obtain the opposite distortion behaviors
of the edge bands compared to those of Na-passivated and
F-passivated ZSNRs, respectively [see Figs. 4(c) and 4(d)].
That is to say, the on-site potential can be utilized to modulate
the edge bands. Certainly, when the definition of the on-site
potential is changed to the opposite value, namely the differ-
ence between the work functions of a passivating atom and the
tin atom, one can also find the opposite distortion behaviors
for the edge bands.

In line with the band bending, the influence of the passi-
vating atoms can also be seen from the transport properties
of ZSNRs, as shown in Fig. 5. In the absence of passivating
atoms, there exist clear symmetrical conductance plateaus.
The conductance plateau in the energy range of —0.2 < E <
0.2 eV arises from the contribution of the edge bands. For
the H-passivated ZSNRs, conductance dips occur within the
lowest plateau [see Fig. 5(b)]. The energy range of 0.03 <
E < 0.12 eV shows the shift of edge bands induced by the
passivating hydrogen atoms. There are also small oscillating
peaks near the plateaus rims. For Na-passivated ZSNRs, as
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FIG. 5. Conductance is plotted as a function of the Fermi en-
ergy for different passivated systems: (a) nonpassivated ZSNRs;
(b) H-passivated ZSNRs; (c) Na-passivated ZSNRs; (d) F-passivated
ZSNRs. The parameters are set as N, = 300, N, = 36,and N, = 150.
The arrows 1 and | refer to the spin-up and spin-down states,
respectively.

shown in Fig. 5(c), the electropositivity of passivating Na
atoms leads to the downward bending of edge bands, thus
inducing significant conductance dips within the energy range
of —0.19 < E < 0 eV. Last, for the F-passivated ZSNRs [see
Fig. 5(d)], the conductance dips move to the energy range
of 0 < E < 0.16 eV, which also shows the upward shift of
edge bands. When the on-site potential is changed to an op-
posite value, for example AV = —1.426 [see Fig. 4(c)], the
upward-bending edge bands induce conductance dips within
the energy range of 0 < E < 0.19 eV, which is a shift opposite
to that of Na-passivated ZSNRs given in Fig. 5(c). Similarly,
the conductance dips for the ZSNRs with AV = 2.321 and
AV = 6.899 also occur at energy ranges opposite to those
of the H-passivated and F-passivated ZSNRs. Even though
the on-site potentials change signs, the band structure and
the conductance peaks are basically identical except in the
opposite distortion direction and energy range. Obviously, the
conductance dips reflect the effect of passivating atoms on
the edge states, which can be used to detect the edge states
or the passivating atoms. The above results mean that the
conductance dips act as fingerprints of the edge states or the
passivating atoms.

In order to clearly understand the dependent relations and
the effect of the passivation, we plot the band spectra and
the corresponding conductance of Na-passivated ZSNRs in
Fig. 6. In the energy range of —0.19 < E < 0 eV, there are
two modes of resonance peaks in the conductance. When
—0.19 < E < —0.11 eV, several downward resonance peaks
occur, and the peak values tend to 0. This phenomenon can
be understood based on the band-selective rule [42]. The
energy bands of the center passivated region and two leads
are given in Fig. 6(a), where the band index is specified. The
electrons in the even (odd) bands can be scattered only into
the even (odd) bands due to the conservation of the parity
of wave functions [43,44]. The highest valence band and the
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FIG. 6. (a)-(b) The band structure and conductance of Na-
passivated ZSNRs; The red curves refer to the results of the pristine
ZSNRs like the left and right leads. (c)—(d) The Fano resonance
peaks marked in (b) are obtained by using NEGF (black curves)
and fitted by the normalized Fano curve (red dashed curves). The
blue curves refer to DOS corresponding to the Fano resonance peaks.
Other parameters are the same as those given in Fig. 5.

lowest conduction band coexist in the band-bending region.
In the center region, bands 0 and —1 coexist at —0.19 <
E < —0.11 eV. In the left and right leads, only band —1
exists at this energy range. Therefore, when an electron with
energy E € [—0.19, —0.11] eV passes through the system, if
the electron of band —1 in the lead is scattered into band
—1 of the center region, the conductance G is usually 2¢*/h
(spin degeneracy) and the plateaus arises from nonresonant
electron transmission. In contrast, if the electron of band —1
in the lead is scattered into band 0 of center region, the
conductance would drop to zero due to the opposite parities
between the two bands, which results in conductance dips
with small values. When —0.11 < E < 0 eV, the electron
of band —1 in the lead can only be scattered into band 0
of the center region, which does not satisfy the parity con-
servation. In this case, the conductance should become zero
in terms of the band-selective rule [35]. However, there ex-
ists an extraordinary phenomenon that some resonance peaks
occur within the energy range of —0.11 < E < 0 eV, which
can be explained as the quantum spin-Hall edge state in the
leads preventing the backscattering of electrons. When the
hopping parameter #, decreases to a certain value, for example
t, = 0.001 eV, the quantum spin-Hall edge state changes to
a flat band. Correspondingly, the conductance peaks within
—0.11 < E < 0 eV evolve into a zero-conductance plateaus.
Obviously, the conductance peaks can also act as fingerprints
of the quantum spin-Hall edge states.

The resonance behavior of the conductance can be de-
scribed by the Fano resonance. The asymmetric line shapes
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FIG. 7. Conductance of Na-passivated ZSNRs is plotted as a
function of Fermi energy for different transverse widths and pas-
sivated regions: (a) N, =48, N, = 150; (b) N, =32, N, = 150;
(¢) Ny =20, N, = 150; (d) N, = 36, N, = 150; (¢) N, = 36, N, =
75; (f) N, = 36, N, = 50.

of the Fano resonance can be expressed as [45]

T (€+4%)
l+¢> 1+

I'(E) = &)
with € = (E — Er)/y. Er and y determine the position and
width of the Fano curve, respectively. 7 is the maximum
value of the peak, which depends on the magnitude of the
resonance. The asymmetry parameter g gives the ratio of the
transition probability of the mixed state to that of the contin-
uum, which is a fitting parameter and determines the shape
of the Fano curve. The Fano resonance curves are calculated
in terms of Eq. (5), which associates with the conductance
curves labeled by the yellow triangles in Fig. 6(b). The pa-
rameters of the two Fano curves in Figs. 6(c) and 6(d) are
set as Tp = 1.855, ¢ =200, y = 0.00114. The positions of
the corresponding DOS peaks match very well with peaks
of the Fano resonances. It means that the conductance dips
induced by passivating atoms can be understood in terms of
the physical mechanism of the Fano resonance.

Next, we investigate the finite size effect of the nanorib-
bon on the transport properties. We plot the conductance of
ZSNRs for different transverse widths and passivated regions
in the energy range —0.2 < E < 0 eV. In Figs. 7(a)-7(c),
the transverse sites N, of ZSNRs are chosen as 48, 32, and
20, respectively. The number of passivated sites is fixed to
N, = N, = 150. With decreasing transverse width, the am-
plitude and frequency of the resonance increase. This means
that the Fano resonance becomes stronger for smaller nanorib-
bons due to the interferometric effect. In Figs. 7(d)-7(f), the
transverse width is fixed to N, = 36, and the width of the
passivated region N, changes from 150 to 50. Obviously,
the resonance frequency gradually decreases with decreasing
passivated width. It means that the edge passivation atoms can
significantly affect the Fano resonance.

Next we analyze the effect of the disorder on the con-
ductance. The on-site disorder Zw Q,-cjacia is introduced
into the Hamiltonian, which is uniformly distributed within
[—2/2, /2] with Q representing the disorder strength. For
the nonpassivated ZSNRs, as shown in Fig. 8(a), the conduc-
tance gradually decreases and the plateaus are destroyed as the
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FIG. 8. Conductance is plotted as a function of the Fermi energy
for different disorder strengths: (a) nonpassivated ZSNRs; (b) Na-
passivated ZSNRs. Other parameters are the same as those given in
Fig. 5.

disorder strength €2 increases from 0.2 to 1 eV. Similarly, the
conductance plateaus are also destroyed by the disorder for the
Na-passivated ZSNRs. However, one can find the oscillating
peaks within the energy range —0.2 < E < 0 eV, which can
still be regarded as the characteristics of passivating atoms.

In the following, we analyze double atom passivation [46]:
The upper edge is passivated by fluorine atoms and the lower
one is passivated by sodium atoms (see Fig. 9). Since the
passivating atoms on the upper and lower edges have different
electronegativities relative to tin atoms, one of the edge bands
bends upwards, while the other edge band bends downwards.
In addition, the edge bands are asymmetrical about the axis
ky. and a band gap about 0.08 eV is opened. Especially, the
asymmetrical passivation induces spin-valley dependent edge
bands. As shown in Fig. 9(b), the conductance has a zero value
in the energy range of —0.0338 < E < 0.0138 eV associated
with the band gap. Though the edge bands are spin-valley
dependent, the total energy bands are still symmetrical about
the axis k.. Thus the spin-up and spin-down conductances are
identical.

B. Combined effects of the passivation, the edge electric field
and the exchange field

We first study the effect of edge electric fields on the band
structure and the transport properties of ZSNRs in the absence
of passivating atoms. As shown in Fig. 10(a), two vertical
electric fields, E;; and E,,, are applied to the upper and lower
edges of ZSNRs. The width and strength of the electric fields
are denoted by W and Ug ;1 ,.», respectively.

® ¢
7g¢
B
_4
=
=
L
)
0
-0.4 0.2 0 0.2 0.4
E (eV)

FIG. 9. (a) The band structure of ZSNRs with double atom pas-
sivation, i.e., fluorine and sodium atoms. (b) The conductance as
a function of Fermi energy. The parameters are set as N, = 300,
N, =36, and N, = 150.
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FIG. 10. The schematic diagram of ZSNRs applied with two
electric fields E;; and E,; on the edges of the nanoribbon, with W
referring to the width of the electric fields. The band structure and the
corresponding conductance for the cases (b)—(c) Ug,;; = —Ug» =
0.3 eV and (d)—(e) Ug ;i = —Ug» = —0.3 eV with the width W =
2. The parameters are set as N, = 300, N, = 36, and N, = 0.

We plot the band structure and the conductance of ZS-
NRs for the case Ug; = —Ug;» =03 eV and W =2
[Figs. 10(b)-10(c)]. The edge bands bend upwards due to
the effect of the electric fields, which are similar to those
induced by the passivating fluorine atoms [see Fig. 2(d)].
Correspondingly, there also exist some resonance peaks of
the conductance in the energy range of 0 < E < 0.3 eV,
which can be detected as the characteristic of the edge states.
When the electric fields are changed to Ug; = —Ug» =
—0.3 eV, the edge bands bend downwards, which is different
from the former case and similar to that induced by the passi-
vating sodium atoms. The resonance peaks of the conductance
change to the energy range of —0.3 < E < 0 eV. It means that
the edge antisymmetric electric fields can be used to modu-
late the bending edge bands, interestingly, which can recover
the passivation-induced band structures and the transport
properties.

In order to analyze the combined effect of the passivating
atoms and the edge electric fields, we further study the band
structure and conductance of ZSNRs applied with the edge
antisymmetric electric fields Ug ;) = —Ug ;> = 0.36 eV and
passivating Na atoms, as shown in Fig. 11. Compared with
Fig. 2(c), the curved edge bands arising from the passiva-
tion have completely disappeared. The resonance peaks of
the conductance also disappear. Under the combined action
of the edge passivation and asymmetric electric fields, the
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FIG. 11. The band structure and the corresponding conductance
of ZSNRs with Na passivation and edge electric fields. The parame-
ters are set as Ug ;| = —Ug » = 0.36 eV, N, = 150, and W = 2.

energy bands and conductance behaviors of ZSNRs gradually
approach the case of the pristine ZSNRs. Therefore, we
can apply the edge asymmetric electric fields to simulate or
modulate the effect of edge passivation on ZSNRs. Similarly,
the effect of edge asymmetric electric fields can be simulated
by adsorbing different atoms to the edges of ZSNRs. Nowa-
days, monolayer stanene can be prepared by molecular beam
epitaxy growth, and usually has passivating atoms attached
to the edges. Edge passivation plays an important role in the
structural stability of stanene. So if the edge electric fields
can be used to simulate or modulate the effect of the edge
passivation on energy bands and conductance, it will be of
great help for the study and application of stanene systems.
Next, we analyze the effect of the edge symmetric electric
fields on the transport properties of ZSNRs. The electric field
is set as Ug ;1 = Ug ;» = 0.3 eV, as shown in Fig. 12. Since
the sublattices of the upper and lower edges of the ZSNRs
are different, the potential at the A (B) sublattice on the up-
per (lower) edge is positive (negative) when Ug ;| = Ug ,» =
0.3 eV. Thus, the staggered sublattice potentials between A
and B sublattices on the edges would separate the edge energy
band and thus open a band gap, which is similar to the phe-
nomenon induced by double atom passivation. And the edge
symmetric electric fields also lead to spin-valley polarization.
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FIG. 12. The band structure of ZSNRs with symmetrical elec-
tric fields Ug ;; = Ug,» = 0.3 eV for different widths (a) W = 2,
bYW =8,(c)W =12,and () W = 18.
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FIG. 13. The band structure, conductance and spin polarization
for (a)—(b) nonpassivated ZSNRs and (c)—(d) Na-passivated ZSNRs.
The parameters are set as M, = M, = 0.2 eV, N, = 300, N, = 36,
N, =150, and W = 2.

Interestingly, the amplitude of the band gap depends on the
width W of the electric field. As the width W increases from
2 to 18, the band gap significantly increases from 0.08 eV
to about 0.45 eV [see Figs. 12(a)-12(d)]. When the symmet-
rical electric fields are extended over the entire nanoribbon
(W = N, /2 = 18), the band gap reaches its maximum value.
The exchange field is crucial for spin-based devices to
realize an effective modulation of spin polarization. Thus
we further study the combined effect of the exchange field
M and the passivating atoms on the transport properties of
ZSNRs. First, the exchange field is also applied on the edges
of ZSNRs. We plot the band structure, conductance, and spin
polarization in Fig. 13 for M, = M, = 0.2 eV. The spin po-
larization is defined as P = (G4 — G)/(G4 + G,) [34]. The
spin-up edge band bends upwards, while the spin-down edge
band bends downwards. Simultaneously, the spin-dependent
edge bands result in the resonance peaks of the conduc-
tance moving towards opposite directions. Correspondingly,
the spin polarization also exhibits some resonance peaks,
which are associated with the spin-dependent conductance
given in Fig. 13(b). The variation of the edge states can be
detected in terms of the spin-dependent conductance and spin
polarization. We can see in Figs. 13(c)-13(d) that, under the
combined action of the passivation and edge exchange fields,
both of spin-up and spin-down edge bands move downwards.
The spin-down edge bands significantly bend downwards,
while the spin-up edge bands gradually become flat. The

spin-dependent conductance peaks overlap with each other,
thus inducing some significant oscillating peaks of spin po-
larization within the energy range of —0.2 < E <0 eV.
Therefore, one can realize an effective spin polarization by
applying an exchange field on the edges of ZSNRs.

According to the above analyses, one can propose a
stanene-based device to detect the existence of the passivat-
ing atoms or the quantum spin-Hall edge state in terms of
the characteristic of the conductance resonance peaks. If the
quantum spin-Hall edge states in leads is modulated to flat
edge bands by changing the hopping parameters, the conduc-
tance resonance peaks can evolve into zero conductance. At
the same time, by applying an edge electric field, one can
enhance or decrease the effect of the passivating atoms, and
can open a band gap and obtain zero-conductance behaviors.
The exchange fields can further induce spin-polarized trans-
port. Thus a stanene-based device can realize multiple ways
to effectively modulate the system’s transport properties.

IV. CONCLUSIONS

In summary, we have systematically studied the band struc-
ture, conductance, and spin polarization modulated by the
passivation, edge electric fields and exchange fields in ZSNRs
by using the NEGF method. In the absence of passivating
atoms, the edge bands of ZSNRs exhibit linear dispersion
relations, which is a quantum spin-Hall edge state. For the
edge passivation case, the curved direction and amplitude
of edge bands significantly depend on the electronegativity
difference between the passivating atoms and tin atoms. The
conductance dips can reflect the characteristic of the curved
bands induced by passivating atoms, which can be used to
detect the quantum spin-Hall edge states or passivating atoms.
The edge asymmetric electric fields can simulate or modulate
the curved edge bands and recover the passivation-induced
transport properties, while the edge symmetric electric fields
can separate edge bands and open a band gap, and in-
duce a spin-valley polarization. The exchange fields on the
edges of ZSNRs can induce a spin-dependent conductance
and an effective spin polarization. Our results shed light on
the promising application of the passivation effect based on
stanene devices in nanoelectronics and spintronics.
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